Abstract-The implementation cost of a phased array antenna is high due to the large number of RF components required in the system. Migrating from the multiport beamforming system to a single-port beamforming system is a promising alternative. In this letter, a novel single-port beamforming algorithm using the pseudo-inverse function is proposed. The signal received at each element is estimated from the combined signal that is generated by the single-port output system. With the estimated values, the array weight is then calculated for the desired radiation pattern. 
I. INTRODUCTION
I N A digital beamforming scheme, the signals received by each element are first down-converted, sampled, and are then used to obtain beamforming. This means the number of RF channels required is proportional to the number of elements in the phased array antenna. Apart from its ability of fine steering with high-resolution analog-to-digital conversion (ADC), the major advantage of the digital beamformer is that it suited most of the adaptive beamforming algorithms [1] - [3] . However, due to the high component count, this beamformer is costly and has mainly been limited to military applications [4] .
The cost of a beamformer can be reduced by implementing a single-port beamforming architecture as it requires only one RF channel. Several techniques for single-port beamforming techniques have been proposed [5] - [7] . Single-port techniques without having the knowledge of the received signal at each element were used in [6] , [8] , and [9] . In these techniques [8] , [9] , also termed as perturbation algorithm, the weights are constantly changed, and the resulting array output is monitored. Adaptive beamforming is then achieved using the parameters derived from the gradient of the output variance. However, this technique has a slow convergence rate, and without the knowledge of the received signals, the use of conventional beamforming algorithms is limited. Single-port beamforming is also achieved by estimating the lost signals [5] , [7] , [10] , [11] . With the estimated signals, advanced beamforming techniques such as adaptive beamforming using minimum mean square error (MSE) and maximum signal-to-interference-plus-noise ratio (SINR) can be applied. In [7] , the signal of each element is obtained by demultiplexing the combined signal of the array output. The concept uses spatial multiplexing of local elements (SMILE). The signals from each element are multiplexed into a single low noise amplifier (LNA) and mixer, similar to the time-division multiple addressing (TDMA) scheme. The signal is then amplified and demultiplexed at the baseband level in order to retrieve the original signal at each element. These signals can be fully established, as long as the initial signals are sampled at the Nyquist rate. However, even though the number of LNAs and mixers is reduced, the number of low-pass filters (LPFs) and ADCs is still proportional to the number of elements in the array. This does not give much reduction in the implementation cost of the array.
To further reduce the number of hardware components, a single-port digital beamforming scheme based on the time sequence phase weighting (TPSW) was used in [5] , [10] , and [11] . The beamformer consists of phase shifters (0 /180 ), power dividers, a single RF channel, and a digital beamformer. The signal at each array element is recovered by inversing the phase weighting using the Walsh-Hadamard matrix that consists of either or , which can directly be represented as 0 or 180 phase difference [11] . Also, this feature simplifies the hardware implementation as only phase shifters are required as opposed to the conventional method that requires additional amplitude gain control. However, in most of the high-performance beamforming algorithms, the weightings of the beamformer are complex values, and both amplitude and phase perturbation are required [12] .
In this letter, a single-port beamforming algorithm using a pseudo-inverse technique is proposed. With this algorithm, the input signal at each antenna element is estimated from the total combined signal from the single RF channel using the weight of the array elements. This concept is verified using a 3-faceted phased array antenna. The single element radiation pattern is simulated in CST Microwave Studio and later imported to MATLAB 2008. The complex excitation for the array element is calculated by minimizing the mean square error between the 1536-1225/$31.00 © 2013 IEEE array output and a desired signal using the Least Mean Squares (LMS) algorithm. This letter is divided into four sections. Section II describes the beamformer, the array structure, and the single-port beamforming algorithm. Section III discusses the results, and finally, Section IV concludes the letter.
II. METHOD
In this section, a single-port beamformer using the signal estimation technique is discussed. The signal from each element is estimated using the pseudo-inverse function.
A. Adaptive Beamforming
The output of a narrowband phased array antenna can be formulated as in the following [13] : (1) where is the Hermatian transpose of the array weight vector and is the vector of the received signals. One of the optimization criteria for adaptive beamforming is the minimum MSE, where the complex weights of the array elements are calculated by minimizing the error, , between the array output and a reference signal, , as in [13] ( 2) where is the Hermatian transpose of the array weight vector and is the vector of the received signals. In order to accomplish the required criteria, the LMS algorithm is used due to its simplicity and as it has been widely used in phased array antenna applications [2] , [14] . The LMS algorithm uses the steepest descent method, in which a new weight vector is calculated by adding a negative gradient step size to the current weight vector as in [13] (3) where is the next complex weight, is the current complex weight, is the step size that determines the convergence speed of the algorithm, is the error signal, and is the vector of the received signals.
The beamforming algorithm requires the use of the received signal vectors . However, only the combined signal is accessible in the single-port beamforming processor. This means that the processor has no prior information of the signals at each of the antenna elements .
B. Single-Port Adaptive Beamforming
In order to estimate the signals from the array elements, a database of the array weights corresponding to the steering vector for a set of angles of arrival (AoAs), , is derived based on (4) where is the array output, is the th AoA of the incoming signal, is the array weight, is the signal received by the array elements, and is the total number of elements.
The signals at each array element, , can be estimated by multiplying with the matrix inverse of (5) where is the inverse array weight vector and is the output of the array.
However, since is not square, its direct inversion does not exist. Hence, the use of pseudo-inverse function to obtain the inverse of is proposed. The pseudo-inverse function has been used in spectral reconstruction [15] , image reconstruction [16] , and recently in signal reconstruction [17] . With the estimated values, the beamforming can be carried out.
III. SIMULATION RESULTS AND DISCUSSION
The following assumptions are made when analyzing the array in MATLAB. Eight microstrip antennas operating at 2.4 GHz are used as the elements [18] . The separation between adjacent elements is is the length of the facets, and the tilting angle is 50 . The synthesis procedure for the array is discussed in detail in [19] .
The radiation pattern for an array with elements distributed in a three-dimensional space is described by (6) , which is based on the array factor derived in [20] (6) where is the radiation pattern of the th antenna, is the position of the th antenna, is the wavenumber, is the weight of the th antenna, and is the steering angle.
A. Single-Port Adaptive Beamforming
With and 3000 iterations, the phase and amplitude excitations of each element are calculated using the estimated signals, and the resulting radiation pattern is analyzed. The desired signal is placed at ( ), and the interfering signal is placed at ( ). The signal-to noise-ratio (SNR) of both the desired and the interference signals is set to be 10 dB.
The resulting radiation patterns of the arrays are shown in Fig. 1 . As seen from Fig. 1(a) , the main beams of the radiation patterns for both single-port and multiport beamforming are placed at the desired angle ( ), and the nulls are correctly placed at ( ). However, the null from the proposed single-port algorithm is deeper than that produced by the multiport algorithm. The proposed single-port algorithm also showed a faster convergence rate than the multiple-port algorithm, as shown in Fig. 1(b) . Additionally, the proposed single-port beamformer requires less execution time (21.9 ms) than the multiport beamformer (30 ms). Fig. 2 shows the radiation pattern of the 3-faceted array for three different cases. In this simulation, the interference and the desired signals are separated by 30 and from each other. From the results, both the multiport and the single-port techniques generate accurate radiations when the interference and desired signals are separated by 30 and 20 , as shown in Fig. 2 (a) and (b) . However, for the case with 10 separation, shown in Fig. 2(c) , the radiation pattern of the single-port technique deviates by 5 . On the other hand, the radiation pattern of the multiport technique is accurately generated.
B. Sensitivity of the Single-Port Beamforming Algorithm
Next, for the case with 10 separation, the single-port beamformer is simulated with different numbers of iterations, and the resulting radiation pattern is plotted in Fig. 2(d) . As seen in the figure, the main beam and the null of the radiation pattern are accurately placed when the single-port algorithm is simulated with 8000 iterations, compared to the multiport algorithm that requires only 3000 iterations. These results demonstrate the limitation of the proposed single-port as it requires at least a separation of 20 between the desired and interference angle.
C. Single-Port Adaptive Beamforming With Different Numbers of Elements
Another aspect of the proposed single-port beamforming algorithm is its performance when different numbers of elements are used in the 3-faceted array. The resulting radiation patterns for 4-, 8-, and 16-element 3-faceted arrays are presented in Fig. 3 . As seen from the results, all arrays have the main beam and null placed correctly at the desired and interference angles, respectively. However, for the 4-element array, there is a slight shift in the main beam placement by 6 . Also, it is noted that the beamwidth of the 16-element array is the narrowest, while the 4-element array is the widest, with half-power beamwidth (HPBW) of 10 and 28 , respectively. This is due to the directivity and the scanning resolution of the adaptive array antenna, which increases with the number of elements in the array.
The results show that adaptive beamforming can be achieved with the proposed pseudo-inverse estimation technique. However, the algorithm requires more iteration when the interference and null are closely separated. With the proposed single-port beamforming technique, redundant RF front-end components in the system are eliminated. This means that a phased array antenna with a single-port beamformer can be implemented with significantly reduced hardware and hence lower cost than an equivalent multiport beamformer.
IV. CONCLUSION
In this letter, a novel single-port beamforming technique has been proposed. The algorithm was simulated on a 3-faceted array consisting of eight microstrip antennas. Using pseudo-inverse technique, the signal from each antenna is estimated. The estimated signal is then used to optimize the complex excitation of the array elements. From the results, it has been observed that the proposed single-port beamforming was able to produce the desired radiation pattern in less time than the multiport system. Using this single-port technique, a phased array antenna can be implemented with significantly reduced hardware and lower cost than an equivalent multiport beamformer. This reduction is achieved by the elimination of redundant RF front-end components from every single element.
